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Abstract:

Model-free and model-fitting kinetic approaches were used to investigate the hydrothermal
carbonization (HTC) of avocado stone. The total solid mass yield was used to estimate the
kinetic parameters and reaction mechanism. The results obtained show that the HTC process for
avocado stones could be divided into four temperature zones. Up to 160 °C, the initial induction
period where the reaction rate is relatively slow. The second zone (160 to 200 °C) corresponds to
the maximum decomposition rate. The third zone between 200 and 220 °C corresponds to the
stabilization zone; in this zone, the total solids yield is practically constant, and finally, the
polymerization zone, between 220 and 250 °C, where an increase in total solid yield was
observed. The kinetic parameters and reaction mechanism were determined in two temperature
zones, from 150 to 210 °C and 210 to 250 °C. In the first zone, the decomposition of avocado
stone during the HTC process followed a random nucleation reaction mechanism (Avrami-
Erofeev-1) with the activation energy of 87.84 + 3.28 kJ/mol. In contrast, in the second zone, it
followed a first-order reaction model, and the activation energy was 230.96 + 28.84 kJ/mol.
Analysis of PAHs with gas chromatography-mass spectrometry showed that the number of PAHs

in the hydrochar increases with an increase in temperature from 190 to 250 °C. The 3-4 rings
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PAHs were dominant in the hydrochars prepared at temperatures between 230 and 250 °C, while

two rings were largely prevalent in the hydrochar obtained at low temperatures.

Keywords: Avocado stone; hydrothermal carbonization; Kinetic model; PAHs

1 INTRODUCTION

The increasing demand for energy and the rapid depletion of fossil fuels are the reasons for
the need to find new sources of energy, sustainable technologies, or processes that are
environmentally friendly. This problem has inspired researchers to study and develop more
efficient and reliable tools to exploit biomass as a source of renewable energy. The
thermochemical conversion processes of biomass have better industrial prospects for biomass
valorization since the process conditions can be optimized to maximize gas, liquid, and solid
yields [1]. Among thermochemical processes, hydrothermal carbonization (HTC) of biomasses
(agro-industrial, forestry, and urban waste) has received widespread attention in recent years
because of its efficiency and convenience [2, 3]. HTC technology is based on a thermochemical
conversion process by which it converts organic material into carbonized material (hydrochar),
liquid (bio-o0il mixed with water), and small fractions of gases. The HTC process is performed in
the temperature range of 180-250°C, during which biomass is submerged in water and is heated
under autogenous saturated vapor pressure between 10 and 40 bars and residence time ranging
from a few minutes up to several hours [4]Under these process conditions, water exhibits a
behavior similar to that of an organic solvent owing to changes in its polarity and dielectric
constant and acts as a catalyst for the conversion of biomass through hydrolysis, dehydration,
decarboxylation, aromatization, condensation, and polymerization [5]. Through the HTC
process, researchers have investigated distinct types of biomass, tomato waste [6], sugarcane
bagasse [7], olive pomace [4], corn cob [8], and olive stones [9]. Most of these biomasses are
agro-industrial wastes. Avocado stones is some of the most massive agro-industrial wastes

generated in Mexico.
The avocado is one of the most frequently consumed fruits in the world. Mexico is globally the
leading avocado producing country, with more than 45% (~2.18 million tons/year) of the total

production in 2020 [10]. Products derived from avocados include ice cream, drinks, and
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guacamole being the most marketed product [11]. There are also examples of avocado oil
production, which is of a quality similar to olive oil [12]. Avocado processing generates an
enormous amount of waste, particularly the skin and seed or stone. The stone represents 15.0—
16.0% of the fruit weight [13]. A significant amount (~170,000 tons/year) of avocado production

1s guacamole, and this represents more than 25,000 tons of waste per year [14].

The technology of the HTC process of waste to form hydrochar and bio-oil has been is the focus
in recent years [6, 8, 9]. During the HTC process, hydrochar formation can be carried out in two
reaction pathways. The formation can proceed from the reaction of the solid-solid pathway
known as primary hydrochar (P-HC), in which hydrochar maintains the original structural
elements and morphology of the parent biomass matrix; and the hydrochar formation can be
carried out from aqueous phase degradation of the biomass followed by polymerization of the
organic molecules into a solid phase, called secondary hydrochar (S-HC). This secondary
hydrochar is extractable with organic solvents [15]. This S-HC is a sequential result of
hydrolysis, dehydration, and isomerization during HTC to produce furfurals and their
derivatives. The furfurans and their derivatives polymerize as microspheres, these microspheres
can be further carbonized by dehydration reactions, resulting in an amorphous solid that is
soluble in organic solvents [15]. Although, Paksung et al.[16] reported that it is not easy to
distinguish analytically between P-HC and S-HC; because both appear as a single solid mass of

char.

The main product of HTC is hydrochar, a solid material 55-74% rich in carbon, is the stable, a
lignite-like material which is characterized by a high heating value (21.1-30.6 MJ/kg) [4] and its
physical, chemical, and mechanical properties make it susceptible to different uses. Hydrochar
can thus be used directly as a solid fuel that can be burned for energy or produce syngas. Most
recently, the hydrochar has also been applied as an additive agent for soil amendment [17, 18].
The hydrochar has proved to be a favorable soil of amendment, increased cation extraction
capacity, and reduced solid bulk density [19]. However, for the soil use of hydrochars,
contaminants such as heavy metals and polycyclic aromatic hydrocarbons (PAHs), in hydrochars

are of significant concerns.

Peng et al. [17] reported a significant increase of PAHs in the hydrochar of municipal solid

waste, with the increase in temperature of HTC between 160°C and 240°C. The formation of
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PAHs from biomass is -a multi-step process. The S-HC formation during the hydrothermal
carbonization of biomass leads to increased PAHs formation and their retention in the primary

hydrochar [20, 21].

Biomass decomposition by HTC is dominated by chemical reactions similar to pyrolysis;
however, the HTC process is initiated by hydrolysis, leading to biomass decomposition
temperatures lower than those of pyrolysis [23]. The HTC reaction mechanisms complexity has
led some authors to develop lumped kinetics models to describe it [24]. For simplification, the
authors have used the biomass components model, such as cellulose, hemicellulose, and lignin.
For example, Reza et al. [25]determined the activation energy of cellulose and hemicellulose in
the temperature range between 200 and 260°C. They reported that cellulose degradation is
described by a first-order rate constant with an activation energy 73+6 kJ/mol, and hemicellulose
degradation has an activation energy of 30+12 kJ/mol. For the same operating conditions (200-
260°C), Killer et al. [26] reported activation energy values equal to 61 kJ/mol and 127 kJ/mol for
hemicellulose and cellulose, respectively. On the other hand, Liu and Balasubramanian [27]
considered the HTC process as a first-order reaction and estimated the activation energy for
coconut fibers (67.5 kJ/mol) and eucalyptus leaves (59.2 kJ/mol). Recently Pecchi et al.[28]
reported Ea values of 139.16 and 161.68 kJ/mol and reaction orders of about 2.68 and 2.46, for
digestate and sludge, respectively, using Differential Scanning Calorimetry. As can be seen,
different approaches have been used to determine the kinetic parameters during the HTC process
of the biomass. However, researchers have used conventional methods in only a few studies to
determine kinetic parameters. Methods based on thermal analysis, such as thermogravimetric
analysis, have been widely used in the literature to study biomass decomposition kinetics. They
are high-precision methods that can be used for the quantitative examination of processes as well
as for estimating useful kinetic parameters for various thermal decomposition reactions. Since
thermogravimetric analysis is a technique based on mass loss or conversion as a function of
temperature and time during thermochemical conversion, a similar analogy can be used for the

HTC process based on the hydrochar mass yield as a function of temperature and reaction time.

For this reason, this research - focuses on the determination of the kinetic parameters that
described the hydrothermal carbonization process of the avocado stone, using the thermal
analysis technique in an open-loop controller system. The biomass’s HTC behavior was studied

using the total solid mass yield or hydrochar yield produced at different temperatures and times.
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The kinetic predictions were made by using the Model-Free Method, such as FWO, KAS, and
Friedman and the Model-Fitting Methods were used to determine the most appropriate kinetic
model mechanism of HTC reactions. In addition, a qualitative analysis of the hydrochars
produced was performed to determine the structure of polycyclic aromatic hydrocarbons (PAHs).
2 MATERIALS AND METHODS

2.1 Feedstock

In this study, avocado stones (AS) of the Hass variety from Michoacdn (Mexico) were used. In
general, an AS has a moisture content between 65 and 75% [29], which is ideal for HTC.
Initially, an AS was cut and dried in a stove at 80 °C for storage; subsequently, it was ground to
obtain a particle size between 0.5 and Imm. Table 1 contains the physical and chemical
characteristics associated with the raw AS. The details of the determination of these parameters
were explained in our previous study [30].

Table 1. Proximate, ultimate, extractive, hemicellulose, cellulose, lignin analysis, and higher heating
value characteristics of AS

Proximate analysis (%)

MC 3.2+04
VM 72.5%1.7
FC? 22.4+1.0
Ash 1.9+0.6
Ultimate analysis (%)

Carbon 46.1+£0.2
Hydrogen 6.4+0.1
Nitrogen 0.02+£0.0
Sulphur nd
Oxygen * 47.9+0.9
Extractives (%) 3.6+£0.4
Hemicellulose (%) 76.420.3
Cellulose * (%) 3.0+0.3
Lignin (%) 17.0£0.3
HHV(MJ/kg) 18.620.2

MC: moisture content; VM: volatile matter; FC: fixed carbon; nd: not
detected; “:by difference

2.2 HTC Reactor Description and Experimental Procedure

The detailed descriptions of the experimental procedures can be found in our previous studies
[31]. Briefly, the HTC experiments were carried out in the stirred autoclave reactor (Top
Industrie, France) with an internal volume of 300 mL suitable for a pressure of 100 bars. This

stirred autoclave reactor consisted of a reactor vessel and a cylindrical capping vessel. The
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capping vessel included a central connection for a magnetic stirrer (max. 1500rpm, 50 W) and
connections for measuring pressure, monitoring temperatures, and releasing the gases. For each
HTC run,18.65 + 0.05 g of dry sample were loaded into the reactor together with 186.5 + 1.5 g of
deionized water, with a biomass-to-water ratio (AS/W) equal to 1/10 (w/w). Before starting the
heating program, the residual air inside the reactor was removed using a vacuum pump to a
pressure of less than 40 mbar. The reactor was heated from room temperature to setpoint
temperature at different powers supplied in the reactor 160, 200, and 240 W; these represent
overall average heating rate of 1.5, 2.0, and 2.8 °C/min, respectively. The setpoint temperature
was varied from 150 °C to 250 °C. For powers of 160 and 240 W, the setpoint temperatures were
150, 170, 190, 210, 230 and 250 °C, while for power of 200 W the setpoint temperatures were
150 to 250 °C with a 10 °C increase. The setpoint temperatures of 150, 190, and 250 °C were
carried out in triplicate; allowing to define an error less than 1.5% in all cases. During the
experiment, the reactor was stirred at 550 rpm. After the reactor reaches the setpoint temperature,
it was immediately cooled down, and this took 5 to 10 minutes to cool it down by immersing it in
a 5 °C water bath. After cooling the reactor, the system pressure was noted, the reactor was
opened, the liquid and solids were separated with a Whatman filter paper with a pore size of 11
microns, and the solid was weighed after drying at 105 °C for 24 hours in the stove. The

hydrochar yield or total solid yield (Yuc) was determined through the Eq.( 1):

m
¢ 100 (D

Yuc =
Mo

Where mpyc is the mass of total solid (on a dry base), and mpio is the raw biomass mass (on a dry
base). The derivative hydrochar yield (DY#c) is the first-order derivative of Yuc with respect to

time. From this approach, it is possible to determine the maximum temperature decomposition of

biomass. The DYnc was determined through the Eq.( 2):

AYyc (2)
P¥he =3¢

Where DYHuc is derivative hydrochar yield (%/min), AYwnc is the difference between Yuc from
one setpoint temperature to another, and At is the time variation (min) between setpoint

temperatures.

2.3 HTC reactor heat-up and reaction time
In reality, the constant temperature during HTC is not correct in batch autoclave reactors because

there are different step of heating: 1) a heating time, ii) a holding time temperature, and finally,
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iii) a cooling time. In many publications in the literature, the definition of reaction time is not
standardized. Often, HTC reaction time starts to be counted when the set HTC temperature is
reached [4] while in some other cases [32] includes heat-up time. The heat-up time may be
neglected only if it is very rapid as it could be the case when the HTC is performed in batch
micro-reactors. In this study, an open-loop system was used, where the power supplied to the
furnace of the reactor is controlled (i.e., constant in each experiment), and we consider the
reaction time of the HTC is the heat-up time until the setpoint temperature is reached.

Fig. 1 shows the different heating time profiles established for different setpoint temperatures at
200 W electrical power (Fig. 1a) and for the different electrical powers used (Fig. 1b). In this
case, holding time temperature and cooling time was not considered because when the setpoint
temperature was reached, the reactor was cold down from setpoint temperature to room

temperature; it took 5 to10 minutes to cool it down by immersing it in a 5°C water bath.

) 250 +
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Fig. 1: Temperature trends vs. time of hydrothermal tests, (a) conducted at 200W to set-point
temperature, (b) different powers (heating rate) from ambient temperature to 250 °C.

2.4 Secondary hydrochar extraction and GC-MS analyzer

Extraction of S-HC was performed with toluene (100%) as the extraction solvent in a Soxhlet
extractor. Toluene is a good solvent for the extraction of tar, such as PAHs, in hydrochar [33].
For each extraction, about 2 g of hydrochar and 250 mL toluene were placed in the Soxhlet
extractor for 36 h. After this time, the solution was concentrated by a rotary evaporator to obtain
25 mL volume. The S-HC composition was detected using a GC-MS analyzer. The analysis was
carried out by two different methods and columns to detect aliphatic and PAHs compounds.
Aliphatic compounds were detected on a Trace Ultra-ISQ gas chromatograph single quadrupole

mass spectrometer (Thermo Scientific, Villebon Sur Yvette, France) equipped with a
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programmed temperature vaporizing injector (PTV) and a 2 mm diameter. Thermo PTV liner
was used. A DB35ms column (30 m length, 0.25 mm internal diameter, and 0.25 um film
thickness) was installed in the GC oven. Initially the temperature of the GC oven was set at 80
°C for 2 min followed by a 10 °C/min ramp to 200 °C and a 15 °C/min ramp to 320 °C with a 5
min hold. For the data acquisition using the Electron Impact (EI) mode, the transfer line
temperature and the ion source were held at 315 °C and 250 °C, respectively. A mass range (m/z
50-300 amu with a dwell time of 0.2s) was scanned in full scan acquisition. In order to detect
PAHs, the extracted liquid was diluted 50 times in dichloromethane. The PAHs were detected on
a Trace Ultra gas chromatography coupled with a quadrupole mass spectrometer. A DB17ms
Agilent column (30 m length, 0.32 mm internal diameter, and 0.25 pum film thickness) was
installed in the GC oven. Initially, the temperature of the GC oven was set at 40 °C for 7 min
followed by a 20 °C/min ramp to 75 °C, and it was held on for 15 minutes and then a 20 °C/min
ramp to 200 °C for 8 minutes, and finally a 10 °C/min ramp to 220 °C, and it was held on for 55
minutes. For the data acquisition using the Electron Impact (EI) mode, both the temperature of
the transfer line and the ion source was held at 200 °C. The temperature for the inlet injector was
fixed at 300 °C for attaining a well-vaporization of the sample, and a spitless liner was installed.

A mass range (m/z) of 50-300 amu was scanned, that is, in full scan acquisition.

2.5 Kinetic models and mechanisms of the HTC process of biomass

A model is a theoretical and mathematical description of what occurs experimentally. This study
will analyze the kinetic models that can describe the kinetic reaction of the HTC process of the
biomass, based only on the formation of hydrochar (evolution of the solid phase). The overall

reaction of the biomass in the HTC process is presented in the following reaction:

Biomass + H,0 — Hydrochar + Liquid + Gas (3)

The mass yield of the solid or hydrochar produced during HTC for time (do/dt), depends on the
rate of reaction constants, which are influenced by temperature [k(T)] and reaction model [f(a)],

expressed as:

da (4
- = kM-f@

where k(T) is the reaction rate constant depending on the temperature, f(a) is the function of a,

and a is the conversion or weight loss rate that can be calculated with the following equation:
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o= Mpjp — Mycy (5)
Mpjo — Myc,,

where my;, (g), is the initial weight of the sample, myc, (g) is the weight of the sample at a

given temperature and time, and myc_ (g) is the final sample weight. The solid conversion rate

(do/dt) can be expressed as:
da _ da — K (T).f
Fri Bﬁ =k (D). f(a)

where [ is the heating rate or the rate of temperature change (dT/dt, K/min).

(6)

The kinetic parameters were determined using two HTC temperature zones (150-210 °C and
210-250 °C). For each temperature range, the biomass samples were subjected to three heating
powers (160, 200 and 240 W). These powers correspond to different average value of [
depending on the temperature zone. In the first zone, the B values corresponding to the powers
were 1.8, 2.3 and 3 °C/min, while in the second zone the B values were 0.7, 1.25 and 1.8 °C/min.
The continuous decrease of § value for the duration of the experiment at the same power is due
to heat loss. However, for each power in the given temperature range, the value of B can be
considered constant. As shown in Fig. 1, the temperature profile as a function of time at 150-210
°C; and 210-250 °C, can be considered as straight lines with R?>> 0.983 for each.

The k(T) can be described according to the Arrhenius equation:
K(T) = A.eRT (7
where A (min~!) refers to the pre-exponential factor, and Ea (J/mol) is the apparent activation

energy, T (K) represent the absolute temperature, and R universal gas constant (8.314 J/

(mol-K)), respectively. Substituting Eq. ( 7) into ( 6) gives the following equation:

da  da =~ -Ea (8)

a— BE—A.ERT.f((X)

The integral form of f (o) can be obtained after integrating Eq. ( 8) with respect to temperature.
_(*da A T -Ea (9

g(a)—J;m—ETOERT dT

where g(a) is the integrated reaction model, and some common forms of f (o) and g (o) for solid-

state reactions are described in Table 2.

Table 2: Expressions for functions f(a) and g(a) of some reaction models to describe thermal
decomposition solid state reactions [34]

Symbols Reaction models Differential form f(o) Integral form g(o)
Reaction order models
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R1 First order 1—-a —In(1 — a)

R2 Second order (1-a)? 1-0) -1
R3 Third order 1-0a)s [(1-a)™2-1]/2
R4 One and half order (1 - )32 (11— 12 -1]
Diffusion models
DI 1D diffusion 1/2a o?
D2 2D diffusion-Valensi [-In(1— )]t (1-a)n(l—a) + «
D3 3D diffusion-Jander 1 -w32/[1- 1 -3 [1- (-]
D4 3D diffusion-Ginstling (3/2)/[A— )3 —1] 1-2a/3—(1— a)?/3
Power law nucleation Models
Pl Power law (1) 2/3)a"1/? /2
P2 Power law (2) 2al/? ol/?
P3 Power law (3) 3a2/3 al/3
P4 Power law (4) 403/% ol/4
Random nucleation and subsequent growth Models
Al Avrami-Erofeev (1) (3/2)(1 — a)[-In(1 — a)]*/3 [—In(1 — a)]?/3
A2 Avrami-Erofeev (2) 2(1 — o)[~In(1 — «)]*/2 [—In(1 — a)]*/?
A3 Avrami-Erofeev (3) 3(1 — )[~In(1 — «)]?/3 [~In(1 - )]*/3
Ad Avrami-Erofeev (4) 4(1 - a)[~In(1 — a)]3/* [—In(1 — a)]¥/*
A5 Random nucleation (1) (1-a)? 1/(1-a)
A6 Random nucleation (2) (1-w3/2 1/(1 — a)?
Geometrical contraction models
F1 Contracting area 2(1 — )13 1-(1-a)t/?
F2 Contracting volume 3(1 — )23 1-(1 -3

The kinetics of thermal reactions in solids has been widely studied in the literature [34]. There
are two main methods to determine the kinetic parameters, the model-free methods, and the

model-fitting method.

2.5.1 Model-free method

The model-free method has been used in the pyrolysis, gasification, and combustion kinetic
model and allows the kinetic parameters to be calculated as a function of the degree of
conversion. Different methods have been used, such as the differential method proposed by
Friedman and the integral methods, such as the FWO method and KAS method [46-48].
Friedman method: The Friedman method is the most common differential isoconversion method

for determining activation energy as a function of conversion a, and it is given in the following

equation:

do _ da _ Ea (10)
In <E) =In <Ba> =In[A, f(a)] — T
Ea can be obtained from the slope of the fit line drawn between In (B %) versus % .

FWO method: This method is derived from the integral isoconversional method. The method
uses the linear Doyle's approximation for the estimation of temperature integral [35], and it is

given in the following equation:
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InB = In ——
~ Rg(®)

Plots of In B vs. 1/T, at fixed value of conversion help in evaluating the activation energy from

the slope of straight-line plot.

KAS method: The KAS method is based on the Coats—Redfern approximation and it is given in

the following equation:

B AR Ea (12)

IHF_ lnEO(g(O() " RT

For a constant value of a, the activation energy Ea can be obtained from the plot of lnT—B2 against
% with — Ea/R as the slope.

Several solid-state kinetic models have been discussed in the literature, and many different
reaction mechanisms have been proposed to describe solid-state reactions, some of which are
listed in Table 2. The models can be expressed in a differential form f(a) and an integral form

g(a). The most used reaction mechanisms are described below.

2.5.2 Model-fitting methods

Model-fitting methods are commonly applied because the kinetic parameters can be determined
and provide information about possible reaction mechanism models. The Coats-Redfern method,
the most popular form of model-fitting, proposed in 1964 [36], uses Taylor's series approach by

limiting the number of terms in the series. The Taylor series expansion form can be given as:

“ doa —REToc d4T = AEa [ _Xd (13)
8(c) f ) Bf € BR ), 2
AEa X AEO( X 2! 31 41 (14)
gle) = st =R (1‘; 2ot )]
AEa [e™™ 20 31 4l _ AEa (15)
BR —<1‘;+X—z‘x—3 )| =00
where x is equal to , the p(x) is the temperature integral and it has no analytical solution.

Therefore, Eq.( 15) can only be solved using either numerical integration or approximation to
deal with the complex integral. By introducing an approximation p (x)=x2e™ (20 < x < 50) into

Eq. ( 14), the relationship between heating rate and inverse temperature becomes:

g(c) = ART? ( ZRT) —Ea (16)

e RT
BEa

Ea
Taking the natural logarithm of both sides of Eq.( 16).
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lng(oc) _ AR (1 ZRT) Ea (17)

12 = "BEa\' T o) TRT
Since 2RT/Ea << 1, the equation can be converted into

gla)

N AR Ea (18)
T2

1 —
BEa RT

In

For a fixed B and proposed reaction mechanism g(a), plotting ln% Versus % gives a straight

line. The equations corresponding to g(a) are presented in Table 2. The slope —Ea/R and

AR

intercept In REa

can be used to determine Ea and A, respectively [37].

2.5.3 Kinetic reaction mechanism models

All kinetic reaction mechanism models used in this study are presented in Table 2. Most solids
contain different defects, weak points that can initiate physical and chemical changes during their
reaction. These defects play an essential role when nucleation is the limiting step in a reaction
[38]. If the reaction involves random nucleation followed by the growth of nuclei of a defined
dimensionality, the Avrami-Erofeev equation can be derived and applied; in some cases, the
nucleation rate follows the power law [37, 39]. In other cases, the solid-state reactions, are
controlled by diffusion of the reagents or products. This situation is not common because the
mass transfer in the solid-state is slower [39, 40]; however, in HTC processes, where one of the
most important reactions is hydrolysis [23, 41], which modifies the biomass structure, the
diffusion of water into the pores of the biomass particles can control the reaction mechanisms.
This phenomenon was explained by Reza et al. [42]. Some solid-state reactions involve two or
more substances, where phase boundaries are formed between the reagents and the products. In
this case, the advance in the phase boundary thus formed determines that reaction rate [38].
When the advancement of the phase boundary is one-dimensional, a reaction of zero-order is
obtained; if the phase boundary is two-dimensional the contracting area models is generated and
if the phase boundary is three-dimensional, the contracting volume is obtained [43]; these
models are based on the assumption of spherical solid particles. Finally, the kinetics of the solid-
state reaction can be controlled by the order of the reaction. These models are the simplest as
they are similar to those used in homogenous kinetics [24, 44]. Often, first and second-order
reactions are used. Higher-order reactions are rarely used and difficult to interpret in solid-state

reactions [38].
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3 RESULTS AND DISCUSSION

3.1 Mass yield and derivative mass yield analysis

The Yuc and DYwnc curves of the AS at different powers applied in the reactor corresponding to
different heating rates are shown in Fig. 2a. The evolution with the temperature at different
heating rates of Yuc is calculated based on the Eq.( 1) at different temperatures. Four distinct
zones can be identified in the Fig. 2a. Up to 160 °C, initial induction period is observed in which
the reaction rate is quite slow (first zone). In this period, the energy in the reaction medium is not
high enough to reach activation energy. The reaction starts in the second zone, at a temperature
of ~160 °C; in this zone, the maximum rate of biomass decomposition is observed, and it is
finished at approximately 200 °C.

This decrease in mass yield is due to decomposition reactions of biomasses, such as hydrolysis,
dehydration, decarboxylation, and so forth [41]. The hydrolysis breaks down the biomass
chemical structure through cleavage of ester and ether bonds of bio-macromolecules with water
molecules. This process creates (oligo-) saccharides and fragments of lignin that enter the liquid
phase [45, 46] thus reducing the total solid yield, as shown in Fig. 2a. The hydrolyzed products
can degrade into furfurals, particularly 5-hydroxymethylfurfural, aldehyde, erythrose, and with
undergo dehydration and decarboxylation [47]. Dehydration removes water from the biomass
matrix without changing its chemical constitution, evidenced by the increased carbon contents
and decreased oxygen contents. Decarboxylation involves the degradation of hemicellulose and
cellulose; these materials can degrade into monomers, such as acetic acid, formic acid, lactic
acid, and furfurals further degrade into CO2 and H2O [42]. The decarboxylation reaction removes
carboxyl and carbonyl groups. Carboxyl and carbonyl groups rapidly degrade above 150-180 °C,
yielding CO2, and CO, respectively [48]. All these reactions mentioned above are decomposition
reactions, causing a decrease in the total solid yield and increasing the liquid and gas production.
The low decomposition temperature of this biomass can be related to its high content of
hemicellulose (76.4%) or biomolecules with solubilities similar to that of hemicellulose. Other
reaction mechanisms of HTC are aromatization and polymerization. HTC increases the
production of aromatics from intermediates products formed during hydrolysis [42]. Moreover,
lignin is composed of many aromatic compounds polymerized by various linkages. Hydrochar

produced during HTC is a cross-linked polymer and has similar properties to lignin, so
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hydrochar is almost impossible to distinguish from the unreacted lignin fraction. Also, a
polymer, such as cellulose and hemicellulose can be converted into a cross-linked polymer

similar to lignin [49, 50].
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Fig. 2: Evolution with temperature, a) the total solids yield (Ynuc), b) and derivative of total solids yield
(DY#c) at different power (160, 200 and 240W).

The stability of the aromatic structures is a basic element in the hydrochar formation. This
stability is observed in zone 3, between 200 and 220 °C, as shown in Fig. 2a. The intermediates
of unsaturated compounds such as aldehydes, furfural, and 5-HMF produced from dehydration
and decarboxylation reactions are highly reactive. These monomers are followed by
condensation, polymerization, and aromatization to form S-HC [5, 42]. The S-HC formation
increases the total solid yield, as shown in zone 4 in Fig. 2a, between 220 and 250 °C. Similar
increases of the total solid yield were observed by Yang et al. [51] during the cellulose
carbonization at a temperature above 275 °C. The inclusion of a stirrer in the reactor helps obtain
a uniform biomass/water mixture inside the reactor, avoiding concentration or temperature
gradients inside the reactor; this may increase the reaction mechanisms in the HTC process. The
increased reaction mechanism can lead to rapid polymerization of the intermediates of

unsaturated compounds produced from dehydration and decarboxylation.

The heating rate is an essential factor during the thermochemical conversion process of biomass
since it affects the process through a heat transfer and mass transfer through the biomass

particles. In the Fig. 2, the Ync and DYHc are represented at various heating rates. However,



354
355
356
357
358
359

360

361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376

DYuc curve (Fig. 2b) became sharper as the heating rate increased. Higher heating rates
significantly enhanced total solid yield loss rates than those by the lower heating rates.

Fig. 2b shows that the peaks of DYnc curves slightly shifted to the right as the heating rate
increased this can be explained by the fact that the gradient temperature of a particle and
distribution of temperature was smaller at low heating rates. The maximum decomposition peaks

were observed of 174, 182, and 189 °C for a power of 160, 200, and 240 W, respectively.
3.2 Secondary hydrochar analysis.

The condensation, polymerization, and aromatization reactions form secondary hydrochar on the
surface of the primary hydrochar. This secondary hydrochar is derived from the decomposition
of hemicellulose, and cellulose, followed by polymerization of intermediates product into
amorphous carbonaceous compounds during HTC. The increase in temperature and time of HTC
gradually increases the amorphous carbon, such as aliphatic and aromatic groups on the surface
of the primary hydrochar [52]. The condensation of amorphous carbon on the primary hydrochar
surface during HTC results in the retention of PAHs [20]. This secondary hydrochar was
extracted from the total solids produced at 190, 210, 230, and 250 °C at a heating power of 1.5
°C/min by extracting Soxhlet with toluene (100%). Extraction was also done with raw biomass.
The amount extracted in the hydrochar structures and the raw biomass is presented in Table 3. It
was noteworthy to note that a significant increase in secondary hydrochar removed in total
solids produced was observed when the temperature was above 190 °C; this explains the increase
in total solid yield or total hydrochar as explained in section 3.1, Fig. 2. The analyses of liquid

solutions of secondary hydrochar and biomass extractive compounds show different aliphatic

and PAHs compounds.
Table 3: The secondary hydrochar removed in total solids yield at different HTC temperatures.
HTC-Temperature Extracted secondary hydrochar. (wt.%)

AS_250°C 19.01

AS_230°C 13.86

AS_210°C 10.05
AS_190°C 5.48

Raw_AS 3.80
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3.2.1 Aliphatic content analysis

The long-chain aliphatic hydrocarbons that were found are shown in Fig. 3. During HTC, a
series of reactions of the coalification occurred. The oxygenated hydrocarbons are initially
converted to aliphatic (alkanes, olefins) and aromatics compounds and then transformed to
higher hydrocarbons and larger PAHs with a further increase in temperature [17]. The high

molecular weight hydrocarbons, which were found in the S-HC solution, include long chain

u

alkanes, such as tetradecane (RT =8.9min), pentadecane (RT =10.1min), hexadecane (RT
11.3min), heptadecane (RT = 12.4min), octadecane (RT = 13.5min), and eicosane (RT =
14.6min). The signal of these aliphatic compounds increases with increasing temperature, and it

was not detected in the S-HC solution removed from the raw biomass.

The main olefin of high molecular weight detected was 9-octadecenoic acid (oleic acid), an 18-
carbon monounsaturated fatty acid (RT = 34.3min). Also, it was detected 9-octadecenamide
(RT= 29.7min), an amide derived from oleic fatty acid. All these compounds were detected in all
the hydrochars produced. The intensity of the peaks increases, with the increase of the
temperature, they confirm the formation of tars on the hydrochar structure. The condensation of
these aliphatic compounds on hydrochar surface results in retention of PAHs [20]. Unlike the
hydrochar produced, the components that were detected in the raw biomass extractable were
mainly fatty acids, such as stearic acid (RT = 19.20min) and (11E)-11-octadecenoic acid (RT=
19.83min).
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Fig. 3: The main aliphatic compounds detected in secondary hydrochar solution removed in the hydrochar

structure and raw AS.

3.2.2 PAHs content analysis.

The chromatogram of total PAHs in hydrochar and raw AS are presented in Fig. 4. The results

showed that total PAHs in the hydrochars were higher than those in raw AS. The PAHs detected

in the raw biomass was bibenzyl (RT= 30.98min), the simplest PAHs (2 rings). The peak with a

retention time of 17 and 23min are benzaldehyde and Benzyl alcohol, respectively. The number

of PAHs detected in the hydrochars increases with increasing temperature; this may be explained

by polymerization and aromatization reactions during the HTC process. At the lower temperature

of HTC (190°C and 210°C), the PAHs detected were mainly 2-3 rings.
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Fig. 4: The main PAHs compounds detected in secondary hydrochar solution removed in the hydrochar

structure and raw AS.

The 2-ring were biphenyl, bibenzyl, and naphthalene with the retention time of 29.91, 31 and
27.78min respectively. The PAHs with 3 rings detected were acenaphthene, phenanthrene, and
anthracene with retention times 30.84, 36.32, and 36.48min, respectively. In addition to the fact
that all these mentioned PAHs were detected at a high temperature of HTC (230 and 250 °C),
other PAHs were detected, such as 4-methyl biphenyl, acenaphthene, cis-stilbene, 1H-phenalene,
and pyrene, with the retention time of 30.33, 31.07, 31.22 32.1, and 44.17 min respectively. At a
temperature of 250°C, another 4-ring oxygenated PAHs was detected, such as 7,12-
dihydrobenzo[a]antracene, with the retention time of 38.37min. At low temperatures, the
biomass was subjected to initial hydrolysis, dehydration, and depolymerization reaction [47],
which led to a decrease in total PAHs because the polymerization and aromatization reaction
have not started.. The intermediates unsaturated compounds produced from dehydration and

decarboxylation promoted PAHs formation with increasing temperature by aromatization and



422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441

442

443
444
445
446
447

polymerization reactions, so increasing the PAHs rings formed. The hydrochars obtained at
temperatures from 190 to 210 °C, biphenyl and bibenzyl (2 rings) were dominant while
phenanthrene, Anthracene, and Pyrene were most prevalent at high HTC temperature (230 - 250
°0).

3.3 Kinetic analysis results

Thermal analysis methods are currently used to determine the reactivities and mechanisms of
thermal reactions of solids. Estimation of kinetic parameters involves activation energy and pre-
exponential factor. This study proposes different model-free methods, such as FWO, KAS, and
Friedman to determine AS kinetic parameters during HTC. Although model-free methods can
reliably estimate the kinetic parameters, the information obtained is limited, It do not allow to
define the reaction mechanism unlike model-fitting methods [53].

3.3.1 Model-free method

In this study, model-free methods first analyzed the kinetics of the HTC of AS. Starting from Eq.
(' 5) and applying above mentioned isoconversional methods. The activation energy (Ea), pre-
exponential factor (A), and linear correlation coefficient (R?) at various conversion rates of 0.1—
0.9 were calculated using the FWO, KAS, and Friedman methods. The calculated average values
of Ea, A, and R? are shown in Table 4. These parameters were calculated in two zones of HTC
temperature. The first zone corresponds to the decrease in the Yuc between 150 and 210 °C, and
the second zone corresponds to the increase of the Yuc from 210 to 250 °C where appears

formation of heavy PAHs

Table 4: Kinetic parameters of AS determined by the model-free kinetics methods.

Temperature (°C) FWO KAS Friedman
Eo (kI/mol) A (min™) R? Eo (kJ/mol) A (min™) R? Eo (kJ/mol) A (min™) R?
150-210 89.61£12.19 7.55x10°  0.982 86.79+£12.82 3.39x10° 0.979 73.81+35.47 2.24x102  0.630
210-250 181.28420.13  78x10™°  0.909 | 199.12+#21.16  1.38x10" 0916 | 223.27+31.56 2.49x10°  0.801

As shown in Table 4, the Ea values obtained for the integral methods (FWO and KAS) are
similar and show the best fit correlation coefficient (R?) compared to the differential method
(Friedman). The Friedman method requires derivative conversion data, which would lead to
being numerically unstable and noise-sensitive [54]. For this reason, in general, the integral

methods show the best-fit correlation coefficient values than the differential method.
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In the first zone, the HTC temperatures were between 150 and 210 °C. The average Ea values
were 89.61+£12.19 kJ/mol, 86.79+£12.82 kJ/mol. The small differences observed in Eo values
obtained using KAS and FWO can be assigned to the different approximations of the
temperature integral. In Fig. 5a, it can be observed that the values of Ea are not similar for all
conversion values, indicating the existence of a complex multi-step mechanism reaction that
occurs in the biomass HTC process. The progressive variation of Ea values could correspond to
competitive or consecutive reactions and the multiphasic biomass conversion. For o values from
0.1 to 0.6, a decrease of Ea from 99 to 68 kl/mol. However, from 0.6, an increase of Ea is
observed; this may be due to the change of the mechanism of chemical reactions. In this range of
HTC temperature, similar values of Ea were reported by Killer et al. [26] for cellulose and
hemicellulose using the nonlinear least-square minimization method. The values obtained were
61 kJ/mol and 127 kJ/mol for hemicellulose and cellulose. Also, Danso-Boateng et al. [55]
reported the value of activation energy (77.8 kJ/mol, with pre-exponential factor 1.5x107 min!)
for synthetic feces and 70.4 kJ/mol, with a pre-exponential factor of 4.0x10° min! for primary

sewage sludge.
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Fig. 5: Ea values according to the degree of conversion (o) for HTC process of (a) 150 to 210 °C and (b)
150 to 210 °C of HTC temperature according to the FWO and KAS.

In the second zone (210 to 250 °C), they corresponded to an increase in Yuc for AS. The Ea
values are displayed in Table 4 and Fig. 5b. The values obtained are a similar trend for integral

methods.

As in the previous one, there is also a change in the trend of Ea showing a complex multi-step

mechanism reaction. The values of Ea vary from 145.28 to 210.74 kJ/mol and 245.28 to 229.95
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kJ/mol for FWO and KAS respectively. As a comparison, the FWO and KAS method was more
reliably attributed to its higher R? values. The high Ea values obtained in this temperature zone
are due to the condensation, polymerization, and aromatization reactions. This reaction occurs at
higher temperatures and reaction times [5]. In this temperature range (205-245 °C), Yang et al.

[51] reported values of 226.5 kJ/mol of HTC for cellulose.

As shown in Fig. 5, the different Ea express different reaction mechanisms. The model-fitting

methods can explain the different models for each stage of conversion.

3.3.2 Model-fitting method

The model-fitting method applied in this study was the Coats-Redfern method; this method
enabled the determination of the kinetic parameters, 1.e., activation energy and kinetic model
(g(a)). In Table 5, the average activation energy of different heating rates is displayed to identify
the kinetic reaction model of the HTC process for AS. As shown in Table 5, the Ea values
determined are somewhat mildly variable when changing the reaction model and can be really

different to the value obtained with model-free method.

Table 5: Kinetic parameters of AS determined by model-fitting method in HTC process for AS

150-210°C 210-250°C
Model- Eotmean RL Edtmean Ro
Symbols (kJ/mol) ‘ (kJ/mol)
RI 148.8424.93 0.968 230.96+28.84 0.916
R2 212.95+5.53 0.988 330.30£37.72 0.937
R3 292.8746.57 0.977 453.89248.76 0.928
R4 178.58+5.19 0.983 277.12+32.98 0.933
DI 214.92+8.94 0.909 329.16244.61 0.853
D2 239.39+9.26 0.931 367.69+48.32 0.877
D3 270.9249.55 0.953 417.00£52.85 0.902
D4 249.74+9 35 0.939 383.89+49 81 0.887
Pl 159.3246.70 0.907 244.76£33 .45 0.85
P2 48.1242.22 0.888 75.96211.14 0.831
P3 29.59+1.48 0.87 47.837.42 0.813
P4 20.32+1.10 0.847 33.7625.56 0.794
Al 96.73+3.28 0.966 151.16219.22 0913
A2 70.68+2.46 0.964 111.26+14.41 091
A3 44.63+1.64 0.96 71.3629.60 0.903
A4 31.60+1.23 0.955 51.41%7.20 0.896
AS 101.752.32 0.903 161.50+16.08 0.87
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A6 210.98+4.59 0.869 331.44+32.16 0.906

F1 48.1242.22 0.888 75.96+11.14 0.831
F2 29.59+1.48 0.87 47.83+7.42 0.813

The main hypotheses that can explain the inconsistency Ea values between the model-free and
model-fitting methods are the model-free model assumes that the reaction mechanism is first-
order. However, there may be different mechanisms during the conversion process. These
mechanisms can be explained for the model-fitting. Also, to determine the kinetic parameter for
model-free method, at least three heating rates are required. On the other hand, only one heating
rate value is necessary for the model-fitting to estimate the kinetic parameters. In most biomass
thermal degradation works in literature, the chosen kinetic model is the reaction first order
(f(a)=1- @), even if each phase could be described as a different model. In this case, if the mean
value of Ea for different heating rates at a specified conversion range based upon one particular
model is closest to the value by the model-free methods, in addition to the high correlation
coefficients (R?), then this model may dominate the reactions in this range [56, 57).

The calculated Ea at different heating rates is shown in Fig. 6 and Fig. 7. It can be seen in Fig. 6
that for the reaction order model series, the estimated average value of Ea for the cases of the
three heating rates varies from 148.8 kJ/mol to 292.87kJ/mol. But none of the estimated average
Ea based upon this series reaction model is close to 89.61 kJ/mol. Although higher correlation
values are obtained for this model series (R? > 0.968), the Eo. values obtained are much greater

than those of the free models values.

In fact, the reaction model corresponding to Avrami-Erofeev (1) gives a similarity Ea values
with model-free methods in the temperature between 150 and 210°C indicate that the HTC
kinetics of AS follows a random nucleation model (g(a) = [-In (1- )]¥?). The kinetic
transformations of Avarami-Erofeev models usually follow a characteristic sigmoidal profile (S-
shape) where the transformation rates are low at the beginning and the end of the transformation
but rapid in between; this explains the shape of the curve in Fig. 2a. A similar observation was
reported by Alvarez-Murillo et al. [58] in the HTC process for the cellulose decomposition

curve.

However, in the second zone (210 to 250°C) corresponding to an increase in Yuc, the best model
giving the value close to Earwo (181.28 kJ/mol) is the first order model (R1) as shown in Fig. 7.
The estimated average value of Ea varies from 199.26 kJ/mol to 255.65 kJ/mol. The first-order
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reaction model may be the most appropriate model to express the HTC process of AS in this

temperature range.
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Fig. 6: Comparison of kinetic parameters from model-fitting methods of temperature between 150 and
210°C

Although model-free methods were generally regarded as reliable ones, they can calculate both
Ea and A values. However, this method is based on supposed first-order reaction models, and the
thermal decomposition can follow different reaction models, which are not necessarily first-order
model reactions, as demonstrated for AS HTC temperature between 150 and 210 °C. On the
other hand, model-fitting methods have enabled the determination of the kinetic model (g(a)),
also activation energy (Ea), but any list of the model-fitting method is certainly incomplete, and

it is entirely possible that the studied process is not described by any of them [54].

Moreover, this method depends on the heating rate and range of conversion. As shown in Fig. 7,
Ea values increased with increasing heating rate. This phenomenon is because as the heating rate
increased, it led to a sharp increase in intermediates reaction rates and lower activation energies.
Similar results were observed by Mui et al. [59] in the pyrolysis of cellulose, hemicellulose, and

lignin.
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Fig. 7: Comparison of kinetic parameters from model-fitting methods of temperature between 210 and
250°C

Consequently, it was recommended that model-fitting methods and model-free methods support
each other to investigate the HTC mechanism. Therefore, according to comparing the model-free
and model-fitting methods' activation energy, the random nucleation (Avrami-Erofeev-1) model
may be considered the most suitable model to characterize the HTC of AS in the range of 150°C
to 210°C. Simultaneously, a temperature between 210 and 250°C follows a first-order reaction

model.

Conclusions:

This study is focused on kinetic studies of hydrothermal carbonization of avocado stone, using
different temperature and time conditions. The kinetics of the process was studied using different
models and methods (model-free and model-fitting methods). The following conclusions can be

drawn from the results of the study:

According to the analysis of total solids yield, the HTC of the AS can be divided into four main
zones. Initial induction period in the first zone in which the reaction rate is relatively slow (up to
160°C), followed by a maximum loss of total solid yield up to 200°C. The third zone corresponds
to the stabilization zone, dominated by condensation reactions; this stability is observed between

200 and 220°C. The last zone is the increase in the total solid mass yield. The increase of the
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total solid mass yield between 220 and 250°C is related to the aromatization and polymerization
reactions. This increase was confirmed with the Soxhlet extraction and analysis of the secondary
hydrochars (tars) formed. The increase in temperature of HTC gradually increases the tars
compounds, such as aliphatic and PAHs on the hydrochar.

The results of GC-MS analysis of the secondary hydrochar solution indicate that it contains
aliphatic and PAHs components. The aliphatic compounds detected were mainly characterized
by long-chain alkanes and some unsaturated fatty acids. The number and weight of PAHs
increase with the increasing temperature of HTC. The most abundant PAHs were two and three-
ring. However, 4-ring PAHs were detected in low numbers in hydrochars produced at 230 and
250°C.

The decomposition of avocado stone during the HTC in temperatures range between 150 and
210°C follows a random nucleation reaction mechanism (Avrami-Erofeev-1) whereas in the
temperature between 210 and 250 follows a first-order reaction model. The average activation
energy estimated for Avrami-Erofeev-1 was 96.73+3.28 kJ/mol. The values obtained from FWO
and KAS are consistent with Avrami-Erofeev-1, where the activation energies are 89.61+£12.19
kJ/mol and 86.79+12.82 kJ/mol, respectively. The average activation energy estimated for the
first-order reaction model is 230.96+28.84 kJ/mol. The best values obtained for the model-free
method were between 145-210 kJ/mol and 161-229 kJ/mol for the FWO and KAS methods.
Moreover, the values of activation energies at different conversions have indicated the multi-

reaction scheme's existence during the HTC of avocado stone.
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